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Polymerized Rodlike Nanoparticles with Controlled Surface Charge
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Stable rodlike nanoparticles with highly controlled surface charge density have been developed by the free radical
polymerization of the mixture of polymerizable cationic surfactant, cetyltrimethylammonium 4-vinylbenzoate (CTVB),
and hydrotropic salt sodium 4-styrenesulfonate (NaSS) in agueous solution. The surface charge of the polymerized
CTVB/NaSS rodlike nanoparticles was controlled by varying the NaSS concentration during the polymerization
process, and the charge variation was interpreted in terms of the overcharging effect in colloidal systems. The SANS
measurements show that the diameter of the polymerized CTVB/NaSS rodlike nanoparticles is constant at 4 nm and
the particle length ranges from 24 to 85 nm, depending on the NaSS concentration. The polymerized particles are
longest when the NaSS concentration is 5 mol % which corresponds to the charge inversion or neutral point. The SANS
and zeta potential measurements show that the Coulomb interactions between the particles are strongly dependent
on the NaSS concentration and the zeta potential of the polymerized CTVB/NaSS nanoparticles changes from positive
to negative412.8~ —44.2 mV) as the concentration of NaSS increases from 0 to 40 mol %. As the NaSS concentration
is further increased, the zeta potential is saturated at approximafymV.

Introduction systems such as spherical or cylindrical micelfeg?vesicles?3-24

Surfactant molecules in aqueous solution show fascinating 'YOtropic liquid crystals®® and microemulsior§ have been

phase behavior and self-assemble into various micellar structureStudied by various groups.
such as spheres, cylinders, vesicles or lamellae above the critical Recently, KlineZ” one of the authors of this paper, reported
micellar concentration (cmé)? Therefore, the self-assembled @ new cationic surfactant cetyltrimethylammonium 4-vinylben-
molecular aggregates have been very popular as templates foroate (CTVB) that has a polymerizable counterion. The CTVB
preparing various nanostructured materials such as nanoclustergnolecules in water form viscoelastic wormlike micelles, and
nanocrystals, and nanoro#téHowever, due to their dynamic ~ upon free-radical polymerization of the counterions, they
nature, micellar structures are very sensitive to solution conditions transform into nanoparticles that remain well dispersed in water.
such as temperature, concentration, pH, and presstiend are Small-angle neutron scattering (SANS) measurements showed
easily transformed from one structure to another, limiting their that the resulting nanoparticles are cylindrical in shape with
applications. diameter of 4 nm and length of 9240 nm depending on the
P0|ymerization of surfactants as a means of “|Ocking in” the relative concentration of the pOlymerization |n|t|a€érThe
molecular self-assembling architectures leads to the formationPolymerized cylindrical nanoparticles are remarkably stable
of the stable nanostructures that are insensitive to environmental@gainst temperature or dilution and redispersible in water after
changes and could provide a basis for novel applicafidhs.  freeze-drying, which is in sharp contrast to unpolymerized
Recently, this approach has attracted great intdfektand the surfact_ant systems. To utilize the polymerized rodlike particles
polymerization of self-assembled surfactant or block copolymer for various applications, however, it would be advantageous to
have control of the surface properties of the particles.
*To whom correspondence should be addressed. E-mail: |n this paper, we report a novel method of preparing stable
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! slight stoichiometric excess of CTAOH followed by repeated
e “_@COEOQ,N OV cr)?stallization2.7 v
The critical micellar concentration was determined from electrical
+ conductivity measurements using the WTW conductivity cell (model
Nass TetraCon 325) with a cell constant 0.475 Tm
“—@—8030@ Na For the counterion polymerization of CTVB, 1 wt % of CTVB

solution was prepared using water in which oxygen was depleted
by bubbling with ultrahigh purity nitrogen. The solution was shaken
for about 12 h for complete dissolution. The solution was very
viscoelastic indicating the formation of long, entangled rodlike
® ve- 9 ss micelles. While maintaining the temperature at €0, 5 mol %
P oA (relative to the CTVB concentration) of the initiator VA-044 (prepared
in 1 mL of oxygen depleted water) was injected into the 1 wt %
CTVB solution using a syringe. The syringe was flushed with nitrogen
gas before use to remove residual oxygen. Right after the injection
of initiator, the CTVB solution was vigorously shaken and then put
into to a thermal bath at 6%C.

To control the surface charge density of the polymerized CTVB,
varying amounts (0, 5, 10, 25, 40, 50, and 60 mol % relative to the
CTVB concentration) of NaSS was dissolved into the CTVB solution
before injecting the initiator. Upon completion of the polymerization
process, all of the samples were freeze-dried for 3 days. The dried
samples were readily re-dispersible in water and used to prepare
samples of various concentrations.

To verify the counterion polymerization of CTVB, NMR
Negatively Charged Rod-like Particle measurements were carried out on a Bruker FT-500 MHz NMR

In Water

polymerization

Figure 1. Schematic of surface charge control. The polymerizable isnpeDctéometer. For these measurements, all samples were dissolved
2U.

counterions VB and SS are closely associated with CTAons - . I
and are copolymerized, increasing the surface charge density of The surface charge densities o.fpolymerlzed CTVBWIth different
polymerized CTVB. The surface of polymerized CTVB was amountsof NaSSwere characterized by zeta potential measurements

overcharged by SSions. using a ZetaPlus zeta potential analyzer (Brookhaven Instruments
Corporation). The zeta potential was calculated by the Smolu-
density using a mixture of CTVB and sodium 4-styrenesulfonate chowski's equation via the measurement of the electrophoretic
(NaSS) in aqueous solution. Figure 1 schematically shows the Mobility. The hydrodynamic radii of 0.1 wt % polymerized CTVB/
basic concept of the method that involves the free-radical NaSS particles in BD were estimated from dynamic light scattering

o . VBi . (DLS) measurements. (= 659 nm, scattering angke 90°) using
polymerlzatlon of the cqunter_|ons (VBions of CTVB; SS, a ZetaPlus particle size analyzer (Brookhaven Instruments Corpora-
ions of NaSS) of wormlike micelles. Here, the surface charge

) . . ; . tion).
density of the polymerized particles is controlled by varying the The viscosity measurements for the CTVB solutions were carried

concentration of NaSS, i.e., overcharging the micelles by oyt using a Cannon-Fenske capillary viscometer.

polymerizable anions. With only CTVB present, some small  gmall-angle neutron scattering (SANS) measurements were
number of unpolymerized VBions can dissociate from the  performed to characterize the structures and the effects of NaSS on
surface of the wormlike micelles, giving the micelle a positive the surface charge of the polymerized CTVB. SANS experiments
charge. When there is SPresent, the Naions dissociate much  were carried out on the NG3 30m SANS instrument at the National
more freely, and there are many more of them than any residuallnstitute of Standard and Technology (NIST) in Gaithersburg, MD
VB~ All of these extra SSions on the surface of micelle cancel ~and on the 9m SANS instrument at High-flux Advanced Neutron
outthe positive charge and lead to a net negative charge at highefPPlication Reactor (HANARO) in Korea Atomic Energy Research
SS" concentrations. When the wormlike micelles overcharged Institute (KAERI), Korea. In the experiments at NIST, neutrons of

. . - wavelengthl = 6.5 A with full width half-maximumAZi/4 = 10%
by SS"ions are polymerized, they become the negatively chargedwere used. Two different sample to detector distances (1.3 m and

stable rodlike nanoparticles. SANS, dynamic light scattering 13 m) were used to cover the overgliange of 0.0035 Al< q <
(DLS), and zeta potential measurements were used to characterizg 4183 A1 whereq = (4x/2) sin@/2) is the magnitude of the
the morphology and Su_rface_chgrge properties of the pOlyme_rizedscattering vector and is the scattering angle. Sample scattering
CTVB/NaSS nanoparticles in dilute and concentrated solutions. was corrected for background and empty cell scattering, and the
To our knowledge, this is the first attempt to fabricate highly sensitivity of individual detector pixels. The corrected data sets were
anisotropic nanoparticles with controlled surface charge density placed on anabsolute scale using standard samples and data reduction
using polymerization and the overcharging effect in colloidal Software provided by NIS¥ In the experiments at HANARO,
s neutrons of wavelength= 5.08 A with full width half-maximum
ystems. .

AAL = 11.8% were used. One sample to detector distance (3 m)
Experimental Section was used to cover the range of 0.01 A< g < 0.2488 A to
) ] ) ) confirm the temperature insensitivity of polymerized CTVB/NaSS

Cetyltrimethylammonium hydroxide (CTAOH) and sodium particles.

4-styrenesulfonate (NaSS) were purchased from Fluka. 4-Vinyl- = paia Analysis. SANS data sets were analyzed by the methods
benzoic acid was purchased from Aldrich,@ (99.9 mol % as follows: Guinier fitting, rigid cylindrical form factor fitting with
deuterium enriched) was purchased from Cambridge Isotope ang without considering the screened Coulomb interaction structure
Laboratory. The water-soluble free-radical initiator VA-044 (2,2 factor. For a very dilute colloidal system, the scattering intensity can
azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride) was pur- pe approximated in thgR; < 1 region
chased from Wako Chemicals,®was purified by Millipore Direct
Q system immediately before use. (29) The use of specific trade names does not imply endorsement of products

_ Cetyltrimethylammonium 4-vinylbenzoate (CTVB) was synthe- o companies by NIST but are used to fully describe the experimental procedures.
sized by neutralization of 4-vinylbenzoic acid in the presence of a  (30)NIST SANS Data Reduction and Imaging Softwag03.
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_ 1o,2 Result and Discussion
In (@) =In1(0) — 3Ry @) o .

The identity of prepared CTVB surfactants was confirmed by
NMR measurements in4®, and all of the peaks in the NMR
spectrum correspond to the reference spééifae cmc of CTVB
in aqueous solution, measured by electrical conductivity, was

, R L2 0.0076 wt % and was consistent with the previous warkiso,
Ry = > + I ) the polymerizable surfactant CTVB formed wormlike micelles
in aqueous solution and 1 wt % CTVB in water was very
If the radius of the cylindrical particle is known from other viscoglasticz:7 Upon polymerizgtion of cognterions arounq the
measurements or analysis, the length can be estimated¥osing wormlike micelles, the viscosity of solutlon_wa§ dramaUc_aIIy
eq 2, which is the case in our study. For very dilute solutions of feduced from-420to~1.5cP and became fluid with a waterlike

particles where the interparticle interactions are negligible, the Viscosity. This may indicate that the polymerization does not

whereRy is the radius of gyration of particles. For a cylindrical
particle,Ry is related to the radius R and the lengttas

scattering intensity can be simplified as capture the whole entangled wormlike micellar structures but
captures only the local structures producing shorter cylindrical
I(@) =nP(@) +b (3) particles.

To control the surface charge density of the polymerized CTVB
wheren is the number density of particleB(q) is the intraparticle  nanoparticles, various amounts (0, 5, 10, 25, 40, 50, and 60 mol
interference (called the form factor) averaged over a Schulz o relative to the CTVB concentration) of NaSS were added into
dlstr|bu_t|on31 of cylinder length, and is the residual incoherent 1 \wt o5, CTVB aqueous solution before free-radical polymeri-
\?vchagign% t:;g‘; ﬁﬁggéeﬂﬂ&?ﬁﬁﬁg ;gﬁ:‘gggﬁt’%ﬁe—riéi’ 4  Zation. Due to its negative charge and hydrophobic nature, the
cyIindeF particles is given é§34L ' po_IymerlzabIe SS_lons are dlstrlbu_ted on the surface of wormlike

micelles along with the polymerizable VBons of CTVB. In
this process, the wormlike micelles can be negatively charged

/2 .
P(a) = fo f%(,0) sin o dat by overcharging effed®42 The surface charge density of the
wormlike micelle can be controlled by the amount of NaSS added.
gL cosoJi(ARsin a) The wormlike micelles of CTVB and NaSS mixture solutions

f(a.0) = 2(oey — Pso|v)VJo( > were polymerized by injecting 5 mol % (relative to the CTVB
concentration) of VA-044 at 60C. The temperature was

4) maintained until the polymerization was completed. The progress
of the polymerization reactions were followed visually, which

were slightly different depending on the concentration of NaSS.

When no NaSS was added, the solution initially became bluish

first-order Bessel function and is the angle between the cylinder for few ”_”'““‘es and then cloudy for about 20 m|n._Aft_er this,

axis and the scattering vecta, the solution eventually became transparent and, unlike its parent

When the interparticle interactions are not negligible, the scattering solution, very fluid without any viscoelasticity. When 10 mol %

| (gRsina)
jo = sin (X)/x

whereV is the volume of the particle angey andpson are scattering
length densities of the particles and solvent, respectivgly).is the

intensity can be written as NaSS was added, the solution became very cloudy within a few
minutes and phase separated after about 30 min, with milky
1(q) = nP(q)(q) + b (5) aggregates on the top and transparent and fluid solution at the

bottom. The proportion of milky aggregates decreased with time
whereS(q) is the interparticle interference (called the structure factor) and completely disappeared within 12 h, resulting in atransparent
for which we used the rescaled mean spherical approximation (MSA) and fluid solution. The proportion of the milky aggregates
screened Coulomb interaction structure faégfSince the rescaled depended on the concentration of NaSS, largest at 5 mol % and
MSA screened Coulomb interaction structure factor is for spherical smallest at 40 mol %. All polymerized solutions became
particle, the effective diameter®f) of the cylindrical particles, transparent after 12 h and remained stable indefinitely.
which were calculated by amethod proposed by IsiRangre used The conversion of counterions to polymer was verified by

in the model fitting. The effective diameter in terms of the particle .
lengthL and the particle radiuR is given as NMR measur_ements. Figure 2_shows the proton NMR _spectra
of unpolymerized and polymerized CTVB and NaSS mixtures
4 s in D20. In these measurements, the concentration of NaSS was
77 (Derl2)” = aReLE ®) 40 mol % relative to the CTVB concentration. The spectrum of
the unpolymerized CTVB and NaSS mixture is nearly identical
wheref = 1/4(1+ L/2R(1 + RIL)(1 + zRL)). In the model fits, to that of unpolymerized CTVB because the NaSS molecules

the Debye screening length was calculated using the concentrationdiave the same aromatic group and vinyl group as \@s. The
of Na* and free (not incorporated into the polymerized aggregates) NMR spectrum of NaSS in fD is shown in the inset of Figure

SS and VB ions. The concentrations of free S8nd VB ions 2b, which is very similar to the reference spectrum of VBA. The
are coupled with the surface charge density of particles, one of the NMR spectrum of the unpolymerized CTVB and NaSS mixture
fitting parameters. is shown in Figure 2a, and the peaks correspond to the protons

(31) Schulz, G. V. Phys. Chem. Abt, 8939 43, 25, inthe alkyl chain group (1.03 and 1.43 ppm), the 3 methyl groups

(32) Guinier, A.; Fournet, GSmall-Angle Scattering of X-Raydhn Wiley

and Sons: New York, 1955. (38) The Aldrich library of NMR spectra2nd ed.; Aldrich Chemical Co.:
(33) Feigin, L. A.; Svergun, D. I. IiStructure Analysis by Small-Angle X-ray Milwaukee, WI, 1983.

and Neutron Scatteringraylor, G. W., Ed.; Plenum Press: New York, 1987. (39) Martin-Molina, A.; Quesada-Perez, M.; Galisteo-Gonzalez, F.; Hidalgo-
(34) Higgins, J. S.; Benoit, H. ®olymers and Neutron Scatterin@xford Alvarez, R.J. Phys.: Condens. Matt&2003 15, S3475.

University Press: New York, 1994. (40) Messina, R.; C. Holm, C.; Kremer, Rhys. Re. E 2001, 64, 021405.
(35) Hayter, J. B.; Penfold, Mol. Phys.1981, 42, 109. (41) Park, S. Y.; Bruinsma, R. F.; Gelbart, W. Hurophys. Lett1999 46,
(36) Hansen, J. P.; Hayter, J. Blol. Phys.1982 46, 651. 454,

(37) Isihara, A.J. Chem. Phys195Q 18, 1446. (42) Mateescu, E. M.; Jeppesen, C.; Pincugrophys. Lett1999 46, 493.
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Figure 2. (a) Proton NMR spectrum of unpolymerized CTVB with aA’)
NaSS 40 mol %. (b) Proton NMR spectrum of polymerized CTVB - Figyre 3. SANS intensities of polymerized CTVB in £ with
with NaSS 40 mol %. The small picture is the proton NMR spectrum yarying NaSS concentrations. The solid lines are model fitting with
of NaSS only. The vinyl signal disappears during polymerization, a cylindrical form factor. For the length of the cylinder the Schulz
and the aromatic group signal loss is the result of a drastic changegistribution is assumed. (a) 0.1 wt % polymerized CTVB isCD
in molecular mobility of the counterions after copolymerization The intensities of NaSS 0«100), 5 (x25), 10 (x10), and 25 3)
relative to the NMR time scale. mol % are vertically shifted for visual clarity. (b) 0.01 wt %

polymerized CTVB in DO (0.047 M NacCl). The intensity of NaSS

coupled with nitrogen (2.91 ppm), residuaj®i (4.8 ppm), the 25 mol % (x3) is vertically shifted.
vinyl group (5.26, 5.79, 5.82, 6.64, 6.66, and 6.69 ppm), and
the aromatic group (7.37, 7.42, 7.70, and 7.84 ppm). The NMR essentially identical. Therefore, only the results from the form
spectrum of polymerized CTVB and NaSS mixture is shown factor analysis are presented here. The solid lines are the model
in Figure 2b. The peaks arising from the vinyl groups have fits with cylindrical form factors, which agree with the SANS
completely disappeared upon polymerization, indicating a very intensities very well. This clearly indicates that the resulting
high degree of conversion of the monomer. It should be noted aggregates obtained by polymerizing CTVB and NaSS mixtures
that the peaks of the aromatic groups of the counterions VB are cylindrical or rodlike particles. The fitting parameters, the
and SS disappear after polymerization. Upon polymeriza- length and radius, are summarized in Table 1. Although the
tion, the mobility of the counterions is dramatically reduced, radius of the particles is a constante2 nm for all of the NaSS
and hence, the T2-relaxation time of aromatic and vinyl groups concentrations, the length varies from 20 to 85 nm, depending
becomes very short, resulting in almost complete dis- on the concentration of NaSS. The radius of the particles is
appearance of corresponding peaks. This, therefore, clearlyconsistent with the stretched chain length of the CTVB tail, 2.18
indicates that both of the counterions VEand SS are in- nm. The fitted values of the polydispersity of the length,
corporated into the polymerization. It is also noticeable that range from 0.32 to 0.42 without showing specific dependency
the line width of the peaks corresponding to the alkyl chain on the NaSS concentration.
group and the three methyl groups coupled with nitrogen  Since the structure factor used here is only an approximation
becomes much sharper upon polymerization, which is a which may not be reliable for highly anisotropic charged particles,
result of the dramatically reduced viscosity after polymeriza- we performed additional SANS measurements for the higher
tion. NaSS molar concentration samples (25 mol % and 40 mol %)

The structures of polymerized CTVB particles, which were at a much lower concentration, 0.01 wt % ip@ To minimize
copolymerized with various amounts of NaSS, were characterizedthe Coulomb interaction between the particles, salt was dissolved
by SANS measurements. The SANS intensities of 0.1 wt % in D,O (0.047 M NaCl). The SANS intensities of 0.01 wt %
polymerized CTVB/NaSS patrticles in,D are shown in Figure ~ samples, which show no apparent signatures of the Coulomb
3a. Since the sample concentration is very dilute, the effects of interactions, and their model fits with cylindrical form factors
interparticle interaction are expected to be very small. However, are shown in Figure 3b and the fitting parameters are compared
since the lowg region, which contains the length information with those of 0.1 wt % samples (Table 1). The lengths of the
of the rodlike particles, is very sensitive to the interparticle CTVB/NaSS particles determined from 0.01 wt % samples are
interaction, we analyzed the data using the cylindrical form factor larger than those determined from 0.1 wt % samples, which is
with and without considering the screened Coulomb interaction due to the reduced or essentially eliminated interparticle
structure factor. The lengths and radii of rodlike particles obtained interactions in 0.01 wt % samples. The difference in length,
with and without considering the interparticle interaction are however, is not very big.
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Table 1. Results of Model Fit Using the Cylindrical Form Factor and the Guinier Fit of 0.1 and 0.01 wt % Polymerized CTVB/NaSS

Particles
Model fit Guinier fit
NaSS (mol %) radius (nm) length (nm)  %2N)Y2 p Ry (nm) length (nm) F2IN)Y2

0 1.89+ 0.003 43.8- 0.3 2.9 0.42+ 0.01 14.3+0.8 49.24+4 2.7 0.4

5 2.06+ 0.002 85.0+ 0.9 5.2 0.33+ 0.02 21.2+£ 0.6 73.1+£ 2.2 0.6

10 1.87+ 0.003 50.9+£ 0.4 2.3 0.38t 0.01 14.7+ 0.6 50.6+ 2.2 0.9

25 1.98+ 0.002 26.0:0.1 3.9 0.39+ 0.01 7.6+ 0.2 26.0+£ 0.7 0.4
1.90+ 0.01% 28.5+ 0.68 1.5 0.38+ 0.0% 8.1+ 0.2 27.6+ 0.7 1.5

40 1.92+ 0.002 20.4-0.1 4.3 0.32+ 0.01 5.9+ 0.3 19.7+1.1 0.4
1.994+ 0.018 24.0+ 0.5 1.4 0.36+ 0.0% 7.7+ 0.2 26.2+ 0.2 1.2

aThe results from 0.01 wt % polymerized CTVB/NaSS particles 0 [0.047 M NacCl).
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Figure 4. Comparison of hydrodynamic and effective diameter of Figure 5. SANS intensity of 1 wt % CTVB/NaSS (40 mol %) after
polymerized CTVB/NaSS particles. The dashed lines are a guide for polymerization. The circles are the SANS intensity at€%nd the
the eye. squares are the SANS intensity at€) showing that the polymerized
structures are not temperature sensitive.

The SANS data were also analyzed with the Guinier model
to estimate the radius of gyration of the particles. From the radius influenced by temperature as shown previodélyo check the
of gyration, we estimated the length of the rodlike particles using Stability of the polymerized particles against temperature change,
eq 2. Here we used a radius of 2 nm, which was found from the the SANS measurements of the polymerized CTVB/NaSS
cylindrical form factor analysis at higheyvalues. The results  particles in DO were performed at two different temperatures,
are summarized in Table 1. The lengths of the rodlike particles 25 and 60°C. Figure 5 shows that the SANS intensities of 1 wt
estimated from the two independent analyses agree very well.% polymerized CTVB/NaSS (40 mol %) particles at the two
It should be noted that, as the NaSS concentration is increasedemperatures are essentially identical. This clearly indicates that
from zero to 40 mol %, the length of the particles increases the polymerized particles are insensitive to temperature variation.
initially, and after reaching the maximum at5 mol %, itdecreases The SANS intensities of 4 wt % polymerized CTVB/NaSS
monotonically. The size variation of the polymerized CTVB/ particles in DO are shown in Figure 6a. It is clear that the
NaSS particles depending onthe NaSS concentration was checkedppearance of interaction peaks is strongly dependent on the
by the DLS measurements of 0.1 wt % polymerized CTVB/ NaSS concentration. When no NaSS is added, the SANS intensity
NaSS particles. Figure 4 shows that, depending on the NaSSof polymerized CTVB particles shows a rather broad interaction
concentration, the hydrodynamic diameter varies from 11.0 to peak. As the concentration of NaSS is increased to 5 and 10 mol
29.9 nm being peaked at the NaSS concentration of 5 mol %. %, the interaction peaks almost completely disappear, resulting
The polydispersity of hydrodynamic diameter ranges from 0.20 in cylindrical form factor like scattering intensities. When the
to 0.32 without any explicit dependency on the NaSS concentra- concentration of NaSS is further increased to 40 mol %, however,
tion. To directly compare the DLS results with the SANS a clearly pronounced interaction peak~a0.045 A1 appears
measurements, the effective diamet&gd of the CTVB/NaSS again. Since the concentration of particles was kept constant at
particles were calculated from the results of SANS analysisusing4 wt % in D,O, the excluded volume interactions between
eq 6. Figure 4 shows that at all of the NaSS concentrations, thepolymerized particles are similar for all of the samples. Therefore,
effective diameter is smaller than the hydrodynamic diameter, we expect that the change of interaction peaks is induced mainly
which is understandable considering the definitions of the two by the changing Coulomb interactions between the polymerized
diameters. However, the variation of the effective diameters as CTVB/NaSS particles, the strength of which depends on the
a function of the NaSS concentrations is consistent with that of concentration of NaSS. For the sample without NaSS, if all of
the hydrodynamic diameter. This further supports that the the VB~ counterions were polymerized on the surface of the
estimation of the length and diameter of the rodlike particles micelles, the resulting polymerized particles were expected to
from SANS measurements are reliable. The variation of particle be neutral. However, the corresponding SANS intensity shows
length depending on the NaSS concentration can be correlateca Coulomb interaction peak. This indicates that some of the VB
with the surface charge density of the particles, which will be counterions may have not been polymerized on the surface of
discussed later. micelles, resulting in slightly positively charged particles. As

The equilibrium structure of the micelles and the intermicellar the NaSS is added, more negatively charged counterions, SS
interactions are very sensitive to temperature. The SANS ions, become available for copolymerization. When the NaSS
intensities of unpolymerized CTVB micellar solution are strongly concentration is 5 and 10 mol %, the polymerized particles become
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I A | PP X Figure 7. Zeta potentials of polymerized CTVB/NaSS patrticles
456 2 3 456 2 34 with various NaSS concentrations. The zeta potential of polymerized
0.01 v 4 0.1 CTVB changes from positive to negative as the concentration of
q(A’) NaSS is increased. Above approximately 25 mol % NaSS, the zeta
potential starts to saturate toward a final value-&0 mV. These
b) results are consistent with the results of the SANS measurements.
2 The error bars of the data are the full width half-maximum (fwhm)
— of zeta potential distribution. The inset shows the fwhm of mobility
'E 103 distribution of the particles. The dashed line is a guide for the eye.
L s
2 4 ticles, the Smoluchowski’s equation corresponds to the case where
% all of the cylindrical particles are parallel to the applied electric
£ 2 field.*3 Since the CTVB/NaSS particles may not be parallel to
2 1 the applied field, however, the zeta potential calculated here
s : may be underestimated. Figure 7 shows that the zeta potential
£ A NaCIOM changes from-12.8 to—44.2 mV, as the concentration of NaSS
pi1 B NaCl0.031M - o . .
@ ® NaCl0.125 M is increased from 0 to 40 mol %. The inset shows the full-width
2 v NaClO5M at half-maximum (fwhm) of the measured electrophoretic
01 mobilities from which the fwhm of the zeta potential distributions

are estimated. The charge inversion from positive to negative
value occurs at the NaSS concentration of about 7 mol %. These

a(A™) results are consistent with the interpretation of the SANS
Figure 6. (a) SANS intensities of 4 wt % polymerized CTVB in measu_rer_nents of4vx_lt%samp_les. It should be noted tha_lt the ze_zta
D,0 with varying NaSS concentrations. The Coulomb interaction potential increases linearly with the NaSS concentration until
peak disappears with increasing NaSS above 5 mol % and reappears-25 mol %, above which it starts to saturate. In general, the
at40 mol % NaSS. Polymerized CTVB without NaSS has a positive overcharging of charged particles by surplus counterions is a
charge. (b) Salt (NaCl) screening effect on 4 wt % polymerized spontaneous process to minimize the free energy of the charged

CTVB with NaSS 40 mol %. The Coulomb interaction peak

disappears as the salt concentration is increased particles**“5Once the electrostatic free energy of the charged

particles reaches a minimum value, any further amounts of surplus
more or less neutral, resulting in the cylindrical form factor-like counterions may not contribute to the surface overcharging. To
scattering intensities. When the NaSS concentration is increased-onfirm the overcharging limit of polymerized CTVB/NaSS
to 40 mol %, the particles become negatively charged, resulting particles, the zeta potentials of the particles with the higher NaSS
inthe strong Coulomb interaction peak. Nevertheless, the scattereoncentrations (50 and 60 mol %) were measured. The results
intensities in the highy region overlap for all of the NaSS  showed that the zeta potential became saturated to atfsit
concentrations, indicating that the cross-sectional structure of MV at the NaSS concentration of 60 mol %. It is well-known
the particles is maintained as shown from the form factor analysis that multivalent counterions are more effective than monovalent
of 0.1 wt % samples. counterions to produce more highly charged particles. Therefore,
To further confirm that the interaction peaks originate mainly if multivalent polymerizable counterions are used instead of
from the Coulomb interaction, a series of SANS measurements monovalent SS ions, more negatively charged polymerized
of 4 wt % polymerized CTVB/NaSS (40 mol %) particlesig@®  rodlike particles may be achieved.
with various NaCl concentrations were performed, shown in  The dependence of the particle length on the NaSS concentra-
Figure 6b. As the NaCl concentration is increased, the interactiontion, shown in Table 1, can be understood in terms of the surface
peak becomes weaker and, above 0.125 M NaCl concentrationcharge variation. The electrostatic and repulsive headgroup
almost completely disappears. This change is due to the saltinteractions can be varied by adsorption of counterions, changing
screening effects and clearly demonstrates that the polymerizedhe curvature of micelles and hence micellar shefSeAs the
CTVB/NaSS (40 mol %) particles are charged. surface charge of the micelles increases, the electrostatic
To quantify the surface charge density of the polymerized repulsions between hydrophilic headgroups dominate and the
CTVB/NaSS rodlike nanoparticles, a series of zeta potential — — -
measurements were performed. For these measurements, all o (Ai3) Hunter, R. Zeta Potential in Colloid SciencAcademic Press: London,
the samples were prepared as 1 wt % particlesJ@.0n this (44) Mukherjee, A. K.: Schmitz, K. S.; Bhuiyan, L. Bangmuir2004 20,
study, the zeta potentials were calculated from the measured!1802. , _ , - )
electrophoretic mobilities of the CTVB/NaSS particles usingthe g lo> VUkneee: A K Sehmitz, K. S.; Bhulyan, L. Bangmuir2003 19,
Smoluchowski’s equation. For nonconducting cylindrical par-  (46) Subramanian, V.; Ducker, W. Aangmuir200Q 16, 4447.
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effective headgroup size becomes larger. This results in a largerinversion or neutral point. The SANS and zeta potential
packing parameter and hence a shorter cylindrical micelle. measurements show that the Coulomb interactions between the
Therefore, the polymerized CTVB/NaSS patrticles are shortest particles are strongly dependent on the NaSS concentration and
when the surface charge density is largest (40 mol % NaSS) andthe zeta potential of the polymerized CTVB/NaSS nanopatrticles
longest when the surface charge density is smallest or nearlychanges from positive to negativé 12.8~ —44.2 mV) as the
zero (5 mol % NaSS). concentration of NaSS increases from 0 to 40 mol %. As the

) NaSS concentration was further increased, the zeta potential

Conclusion became saturated at approximate§0 mV. The new techniques

Rodlike nanoparticles with controlled surface charge density developed in this study for preparing rodlike nanoparticles with
have been developed by the free radical polymerization of a controlled surface charge density may provide a novel route to
cationic surfactant, cetyltrimethylammonium 4-vinylbenzoate Producing anisotropic nanoparticles with controlled surface
(CTVB), together with varying concentrations of sodium Propertiesthatcould be used as abuilding block of new functional
4-styrenesulfonate (NaSS). The polymerization of the counterions hanosystems.
of CTVB which forms wormlike micelle in aqueous solution
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